Introduction
============

Gastric cancer (GC) is the most common malignant tumor of the digestive system, and its incidence is ranked fourth and its mortality is ranked third among malignant tumors ([@b1-or-41-03-1649]). Most patients are at an advanced stage when they are diagnosed with GC. Chemotherapy is the main treatment for patients with advanced GC, however, although it can prolong the overall survival, the adverse reactions are more prominent ([@b2-or-41-03-1649]). The liver is the main target organ of GC metastasis. Shitara *et al* compiled 12,656 patients with advanced GC, of which the incidence of liver metastasis was as high as 44% ([@b3-or-41-03-1649]). Patients who developed liver metastases from GC had limited resection and the treatment was more difficult. GC patients with liver metastases have a 5-year survival rate of only \~10% ([@b4-or-41-03-1649]). With the in-depth study of the molecular mechanism of the occurrence and development of GC, molecular targeted therapy of GC has gradually emerged. Therefore, it is urgent to understand the mechanisms involved in the metastasis of GC, taking effective measures for early diagnosis and targeted therapy for GC to improve their survival and life quality.

*SHC* encodes three sub-subunits, including p46Shc, p52Shc, and p66Shc, each of which has a carboxy-terminal Src homology domain (SH2), a phospho-serine-binding domain (PTB) with a free α-amino group, and a central proline-rich collagen-homologous region (CH1), however, p66shc contains an amino terminal region (CH2) ([@b5-or-41-03-1649],[@b6-or-41-03-1649]). p46Shc and p52Shc are ubiquitous in various cells, including cancer cells, such as breast and endometrial cancer, however the amount of p66shc expression varies depending on the cell type ([@b7-or-41-03-1649]). Tyrosine phosphorylation kinase receptors such as the growth factor receptors EGFR, FGFR, erbB-2 and other tyrosine phosphorylation of the intracellular domain recognize and bind to proteins in the corresponding SH2 region of the cytoplasm, with the extracellular signals passed down step by step ([@b8-or-41-03-1649]).

SHC SH2 domain-binding protein 1 (SHCBP1) is an important connexin on the SH2 domain of the SHC protein, and its functional role has not been clearly established ([@b9-or-41-03-1649]). The mRNA and protein of the *SHCBP1* gene are expressed in proliferating cells, such as stem cells, lymphocytes and cancer cells, but are not expressed in stable cells or permanent cells, such as skeletal muscle and cardiomyocytes ([@b10-or-41-03-1649],[@b11-or-41-03-1649]). SHCBP1 is an important intracellular signaling pathway protein, which has been demonstrated to mediate multiple signaling pathways such as RAS and PI3K/AKT and has a role in regulating the cell cycle and promoting cell migration and invasion ([@b10-or-41-03-1649],[@b12-or-41-03-1649]). However, the exact role of SHCBP1 in GC remains unclear.

In the present study, we attempted to reveal the role of SHCBP1 in GC and its possible mechanism. SHCBP1 was revealed to be overexpressed in GC tissues compared with adjacent normal tissues from TCGA database. Downregulation of SHCBP1 inhibited proliferation and invasion and promoted apoptosis *in vitro*. In addition, SHCBP1 knockdown decreased the expression levels of cyclin D1 and CDK4. Hence, our study revealed that SHCBP1 may play a role in cell growth and metastasis and may be a potential diagnosis biomarker and therapeutic target for GC.

Materials and methods
=====================

### Materials and reagents

MGC-803 and SGC-7901 cell lines were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA) and cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) containing 10% fetal bovine serum (FBS; both from Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA). Antibodies against cleaved PARP (dilution 1:1,000; cat. no. 5625), Bax (dilution 1:1,000; cat. no. 14796), Bcl-2 (dilution 1:1,000; cat. no. 3498), CDK4 (dilution 1:1,000; cat. no. 12790), cyclin D1 (dilution 1:1,000; cat. no. 2978) and cleaved-caspase-3 (dilution 1:500; cat. no. 9664) were all purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA) and SHCBP1 (dilution 1:1,000; cat. no. ab184467) and GAPDH (dilution 1:5,000; cat. no. ab181602) were purchased from Abcam (Cambridge, MA, USA).

### shRNA and RT-PCR

The shRNA sequence of SHCBP1 was: CCGGCGAGGAAGTAAGGAAGGGAATCTCGAGATTCCCTTCCACTTCTCCGTTTTTG. Total RNA was reversed to the first strand of cDNA with PrimeScript Reverse Transcriptase (cat. no. RR047A; Takara Biotechnology Co., Ltd., Dalian, China). RT-PCR was performed using a SYBR Premix Ex Taq II kit (RR420A; Takara Biotechnology Co., Ltd.) and detected by StepOnePlus (Applied Biosystems; Thermo Fisher Scientific, Inc.) using the following conditions: 95°C for 30 sec, followed by 40 cycles of 95°C for 5 sec and 60°C for 30 sec. The data were analyzed using the ∆∆Cq method ([@b13-or-41-03-1649]) with GAPDH as an internal control. The SHCBP1 PCR primers were as follows: forward, 5′-GCTACCGTGATAAACCAGGTTC-3′ and reverse, 5′-AGGCTCTGAATCGCTCATAGA-3′.

### Stable cell line construction

The target shRNA sequence to SHCBP1 and the negative control RNA sequence were synthesized and inserted into the lentivirus core vector expressing a GFP reporter and puromycin resistance. Recombinant lentiviruses were provided by Shanghai GeneChem Co., Ltd. (Shanghai, China). Cells were infected with the corresponding lentivirus, and after 72 h, cells were selected with puromycin (1 µg/ml) for 7 days. The expression level of SHCBP1 in the selected cells was confirmed by qRT-PCR analysis and western blot assays.

### Western blotting

After cells expressing SHCBP1-shRNA (sh-SHCBP1) and the control group were lysed by RIPA lysate (Beyotime Institute of Biotechnology, Shanghai, China) and the protein concentration was determined using BCA kit (Beyotime Institute of Biotechnology), protein samples (40 µg/lane) were separated on SDS-PAGE gel (10%) and transferred to polyvinylidene difluoride (PVDF) membranes. After blocking with 5% milk for 1 h at room temperature, the membranes were incubated with a primary antibody overnight at 4°C, washed three times with TBST, and incubated with HRP-fused secondary antibody (dilution 1:5,000; cat. no. ab6721; Abcam, Cambridge, UK) for 1 h. The bands were displayed by ECL illumination (EMD Millipore, Billerica, MA, USA). The experiment was repeated three times.

### Cell proliferation detection

Cell proliferation was assessed by Cell Counting Kit-8 (CCK-8) kit (cat. no. CK04; Dojindo Molecular Technologies, Inc., Kumamoto, Japan). Cells (10^4^/100 µl)/well were cultured in 96-well plates for 24--72 h. CCK-8 solution (10 µl) was added to each well, and then the number of cells was assessed using a 450-nm absorbance on a microplate reader. Three independent experiments were performed.

### Colony formation

Cells were trypsinized into single cell suspension and seeded in 6-well plates at a density of 800 cells/well. After 14 days of culture, the cells were fixed with a 4% formaldehyde solution for 30 min, stained with 0.1% crystal violet solution, rinsed with tap water and dried in air and photographed under a light microscope (Leica Microsystems, Wetzlar, Germany). Quantitative analysis was performed by counting the number of colonies stained in each well. Three independent experiments were performed.

### Cell cycle

The cell cycle assay kit (cat. no. C1052) was purchased from Beyotime Institute of Biotechnology (Haimen, China). The cells were fixed with 70% ethanol at 4°C for 24 h, and then resuspended in cold phosphate-buffered saline (PBS). Then, the cells were resuspended with a staining solution containing RNase A and propidium iodide (PI), and the DNA content was assessed using a flow cytometer. The number of cells in the different phases was counted using ModFit version 3.2 (Verity Software House, Topsham, ME, USA). Three independent experiments were performed.

### Cell apoptosis

The apoptosis assay kit (cat. no. C1062) was purchased from Beyotime Institute of Biotechnology. Cells were double stained with Annexin V and PI according to the manufacturer\'s instructions. The stained cells were analyzed by flow cytometry and the data were analyzed using FlowJo version 10.5.3 (FlowJo LLC, Ashland, OR, USA) software. Three independent experiments were performed.

### Cell invasion and metastasis

The wound healing experiment was to inoculate treated GC cells in a 6-well culture plate and grow to a density of \>90%. After 12 h, the wound was created by the tip and the image of moved cells was captured after 48 h. In the cell invasion assay, cells were placed in Transwell, 600 µl complete DMEM was added to the lower chamber, and cells mixed with serum-free DMEM were added to the upper chamber. After 24 h of culture, the cells that migrated to the lower chamber were fixed with 4% paraformaldehyde and stained with 0.1% crystal violet. Three independent experiments were performed.

### Differential expression analysis of SHCBP1 using UALCAN

Based on The Cancer Genome Atlas (TCGA; <http://cancergenome.nih.gov/>), level 3 RNA-seq and clinical data from stomach adenocarcinomas, the expression data of SHCBP1 in GC and normal samples were retrieved and analyzed using the online web portal UALCAN (<http://ualcan.path.uab.edu>).

### Statistical analysis

Data analysis and statistics were performed by SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA). T-tests and one-way analysis of variance (ANOVA) followed by the Fishers\' least significant difference test (LSD) were used to determine differences between groups. A P-value \<0.05 was considered to indicate a statistically significant result.

Results
=======

### High expression of SHCBP1 in GC tissues and cell lines

The results in TCGA database (<https://cancergenome.nih.gov/>) confirmed that the expression of SHCBP1 in GC tissues was significantly higher than that in normal tissues ([Fig. 1A](#f1-or-41-03-1649){ref-type="fig"}). In various GC cell lines, we found that the expression of SHCBP1 was higher in MGC-803 and SGC-7901 cells ([Fig. 1B](#f1-or-41-03-1649){ref-type="fig"}), thus, these two cell lines were used as research models. First, we established a human GC cell line model with stable SHCBP1 knockdown. We constructed a green fluorescent protein (GFP) fusion expression vector of negative control-shRNA (sh-NC) and SHCBP1-shRNA (sh-SHCBP1), and introduced shRNA into human GC cell lines MGC-803 and SGC-7901 by lentiviral transfection ([Fig. 1C](#f1-or-41-03-1649){ref-type="fig"}). By RT-PCR, we examined the knockdown efficiency of SHCBP1 mRNA in the MGC-803 and SGC-7901 cell lines expressing sh-SHCBP1 ([Fig. 1D](#f1-or-41-03-1649){ref-type="fig"}). Western blotting was used to detect the expression of SHCBP1 protein in MGC-803 and SGC-7901 cells expressing sh-SHCBP1 ([Fig. 1E](#f1-or-41-03-1649){ref-type="fig"}). The results revealed that the expression of SHCBP1 was successfully knocked down in the GC cell lines MGC-803 and SGC-7901.

### High expression of SHCBP1 promotes proliferation of GC cells

Next, the effect of SHCBP1 on the proliferation of GC cells was examined. MGC-803 and SGC-7901 cells expressing sh-NC and sh-SHCBP1 were cultured in 96-well plates, and cell proliferation was assessed by CCK-8 assay. It was found that GC cells expressing sh-SHCBP1 significantly inhibited cell proliferation ([Fig. 2A and B](#f2-or-41-03-1649){ref-type="fig"}). Cell colony assays of MGC-803 and SGC-7901 cells expressing control, sh-NC and sh-SHCBP1 were determined ([Fig. 2C](#f2-or-41-03-1649){ref-type="fig"}), and the number of colonies formed in each group was counted ([Fig. 2D](#f2-or-41-03-1649){ref-type="fig"}). The results revealed that the proliferation of MGC-803 and SGC-7901 cells by shHCBP1 knockdown was significantly inhibited, thus, SHCBP1 promoted the proliferation of GC cells.

### SHCBP1 promotes cell cycle progression of GC cells via CDK4-cyclin D1 cascade

The GC cell lines MGC-803 ([Fig. 3A and B](#f3-or-41-03-1649){ref-type="fig"}) and SGC-7901 ([Fig. 3C and D](#f3-or-41-03-1649){ref-type="fig"}) expressing sh-NC and sh-SHCBP1 were stained with PI, followed by cell cycle analysis by flow cytometry. After SHCBP1 knockdown, the proportion of cells in the G1 phase in the cell cycle increased while the cells in the S phase decreased significantly, while the G2/M phase was not altered ([Fig. 3B and D](#f3-or-41-03-1649){ref-type="fig"}). By detecting the levels of key regulatory proteins in the cell cycle, it was found that SHCBP1 knockdown resulted in downregulation of CDK4 and cyclin D1 ([Fig. 3E](#f3-or-41-03-1649){ref-type="fig"}). These data indicated that SHCBP1 promoted cell cycle progression in GC cells.

### SHCBP1 alters the apoptosis pathway and inhibits apoptosis of GC cells

In a similar manner, GC cell lines MGC-803 ([Fig. 4A and B](#f4-or-41-03-1649){ref-type="fig"}) and SGC-7901 ([Fig. 4C and D](#f4-or-41-03-1649){ref-type="fig"}) expressing sh-NC and sh-SHCBP1 were subjected to apoptosis analysis by flow cytometry. It was found that the percentage of apoptotic GC cells increased after SHCBP1 knockdown, and the proportion of surviving cells decreased. The results of apoptosis-related markers revealed that the levels of Bax, cleaved caspase-3 and cleaved PARP increased with SHCBP1 knockdown ([Fig. 4E](#f4-or-41-03-1649){ref-type="fig"}). Therefore, the role of SHCBP1 in GC cells was to inhibit apoptosis.

### SHCBP1 promotes invasion and metastasis of GC cells

The role of SHCBP1 in the invasion and metastasis of GC cells was then investigated. The wound healing assays examined the effect of knockdown of SHCBP1 on migration ability, and the migration distance of sh-SHCBP1 MGC-803 ([Fig. 5A and B](#f5-or-41-03-1649){ref-type="fig"}) and SGC-7901 ([Fig. 5C and D](#f5-or-41-03-1649){ref-type="fig"}) cells was significantly reduced compared to the control and sh-NC cells. In the invasion and metastasis assays, we assessed the invasion and migration abilities of treated MGC-803 and SGC-7901 cells by Transwell. The number of invading and migrating cells in sh-SHCBP1 cells was significantly reduced compared to control and sh-NC cells ([Fig. 5E and F](#f5-or-41-03-1649){ref-type="fig"}). These data indicated that expression of SHCBP1 enhanced the ability of GC cells to invade and metastasize.

Discussion
==========

At present, the prognosis of GC still relies on traditional pathological indicators such as tumor size and histological grade ([@b14-or-41-03-1649],[@b15-or-41-03-1649]). Therefore, it is imperative to study the relevant molecular mechanisms in the development of GC. The development of GC involves a series of oncogenes and tumor suppressors. Screening for new oncogenes and studying their mechanisms of action have important clinical diagnostic value for the early diagnosis of biomarkers and potential molecular therapeutic targets for GC. The metastasis of GC is a multi-step pathological process involving a loss of epithelial properties, such as reduced expression of E-cadherin, and a gain in mesenchymal phenotypes, such as enhanced expression of N-cadherin and vimentin ([@b16-or-41-03-1649]). On one hand, tumor cells regulate the changes of their own molecules, so that they can develop in the direction of metastasis; on the other hand, they interact with other cells to form a special metastatic microenvironment and promote liver metastasis of GC ([@b17-or-41-03-1649]). At present, there are still many molecular mechanisms to be studied in the process of GC metastasis. Although GC is easily transferred to the liver mainly due to the function of the liver and intestine, numerous studies have shown that tumor cells do not tend to metastasize to the nearest organ, and different tumors have the specificity of organ metastasis ([@b18-or-41-03-1649]). The intrinsic determinants of GC-specific metastasis are still unclear. Finding specific genes important for GC liver metastasis is a priority for future research. The development of targeted therapeutic drugs for these specific molecules has important clinical application value. Each process of GC liver metastasis is inseparable from the interaction with the microenvironment, and the tumor microenvironment plays an important role in promoting the metastatic process ([@b19-or-41-03-1649]). Considering the invasion-promoting ability of SHCBP1 in various cancers and in GC, it is of high significance to further examine the relationship between SHCBP1 expression and liver metastasis. Additionally, enlarged human tissues are required to assess the potential of SHCBP1 to serve as an early diagnostic marker.

Research on the transfer microenvironment has gradually become the main research direction in the field of cancer, however research on the microenvironment of liver metastasis of GC is still in its preliminary stage, and in-depth research is required to have a clearer understanding of liver metastasis of GC ([@b20-or-41-03-1649]). In recent years, tumor treatment strategies targeting the tumor microenvironment have rapidly developed, and drugs targeting the tumor extracellular matrix, endothelial cells or immune cells have been increasingly developed and utilized ([@b21-or-41-03-1649]). However, in GC, particularly liver metastasis, there is still a lack of effective targeted therapies. Since many patients with liver metastases have been unable to undergo surgery, accurate targeted therapy and emerging immunotherapy may be the main way to treat liver metastasis of GC in the future.

To further clarify whether SHCBP1 can act on the proliferation and invasion of GC cells, we first detected the expression of SHCBP1 in different GC cells, and selected the cell lines with higher relative expression. Then, shRNA interfered with SHCBP1 expression, and subsequently an MTT assay, flow cytometry and cell invasion assay were used to evaluate the effect of interference with the expression of SHCBP1 on proliferation, apoptosis and invasion of GC cells. At last, the effect of SHCBP1 on the downstream signal factors of proliferation was detected by western blotting. The possible molecular mechanism of SHCBP1 in the proliferation and invasion of GC cells was explored, which provided a theoretical basis for the mechanism of SHCBP1 in the development of GC.

The clinical treatment of tumors is gradually shifting to individualization, and the discovery of new biomarkers can be used for early diagnosis of tumors, prediction of the probability of metastatic spread and recurrence and evaluation of treatment effects. The SHCBP1 signaling pathway has been revealed to be involved in the pathogenesis of a variety of malignant tumors, promoting tumor proliferation, migration and invasion, and inhibiting apoptosis and differentiation ([@b11-or-41-03-1649],[@b22-or-41-03-1649],[@b23-or-41-03-1649]). Therefore, the application of SHCBP1 and its signaling pathway in the diagnosis and treatment of tumors may have a high significance. Currently SHCBP1 is being used as follows: i) SHCBP1-specific inhibitors are being used to antagonize binding to SHCBP1 and inhibit tumor cell proliferation and migration; ii) siRNAs to silence the SHCBP1 gene are being applied, thereby changing the expression and function of SHCBP1, consequently preventing and inhibiting the autocrine pathway and its mediated tumor cell activity; iii) blocking the anti-apoptotic effect of the SHCBP1 downstream signaling pathway is being used; iv) intervention to regulate the upstream signaling pathway of SHCBP1 is also being utilized, thereby indirectly regulating the SHCBP1 signaling pathway; v) in addition, radiolabels and drugs are being designed to bind to SHCBP1 inhibitors, and transport radioactive markers or drugs to tumor cells expressing SHCBP1 for imaging diagnosis and targeted therapy of tumors. In summary, SHCBP1 plays an important role in the development of GC and is expected to become an important biomarker and therapeutic target for the early diagnosis of tumors.
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![SHCBP1 was effectively knocked down in MGC-803 and SGC-7901 cells. (A) Differences in the expression of SHCBP1 in GC and normal tissues from the TCGA database using the online web portal UALCAN (<http://ualcan.path.uab.edu>). \*\*\*P\<0.001. (B) Differential expression of SHCBP1 mRNA in several GC cell lines. (C) MGC-803 and SGC-7901 cells transfected with GFP-fused negative control lentivirus (NC) and SHCBP1 knockdown lentivirus (sh-SHCBP1) were photographed under a fluorescence microscope at a magnification of ×100. (D) RT-PCR detection revealed SHCBP1 knockdown efficiency. \*\*\*P\<0.001. (E) Western blot analysis revealed SHCBP1 protein expression after transfection of sh-NC and sh-SHCBP1 lentivirus. SHCBP1, SHC SH2 domain-binding protein 1; GC, gastric cancer; sh-NC, negative control-shRNA; sh-SHCBP1, SHCBP1-shRNA.](OR-41-03-1649-g00){#f1-or-41-03-1649}

![SHCBP1 promotes proliferation of GC cells. (A and B) The CCK-8 assays revealed cell proliferation of sh-NC and sh-SHCBP1 in MGC-803 and SGC-7901 cells. \*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001. (C) Colony formation assays revealed the proliferation effect of sh-SHCBP1 compared to sh-NC in MGC-803 and SGC-7901 cells. (D) The number of colonies in C were analyzed. SHCBP1, SHC SH2 domain-binding protein 1; GC, gastric cancer; CCK-8, Cell Counting Kit-8; sh-SHCBP1, sh-NC, negative control-shRNA; SHCBP1-shRNA.](OR-41-03-1649-g01){#f2-or-41-03-1649}

![SHCBP1 promotes cell cycle progression of GC cells via CDK4-cyclin D1. (A and C) Flow cytometry was used to detect the cell cycle in sh-SHCBP1-treated MGC-803 and SGC-7901 cells, with sh-NC and untreated cells as controls. (B and D) Analysis of the percentage of each phase in A and C \*\*P\<0.01. (E) Western blotting showed expression of CDK4 and cyclin D1 after SHCBP1 knockdown in MGC-803 and SGC-7901 cells. SHCBP1, SHC SH2 domain-binding protein 1; GC, gastric cancer; sh-SHCBP1, SHCBP1-shRNA; sh-NC, negative control-shRNA.](OR-41-03-1649-g02){#f3-or-41-03-1649}

![SHCBP1 inhibits apoptosis of GC cells by regulating the caspase-dependent pathway. (A and C) Flow cytometry was used to detect apoptosis in MGC-803 and SGC-7901 cells expressing sh-SHCBP1, with sh-NC used as a control. (B and D) Analysis of the percentage of survival and apoptotic cells in A and C \*P\<0.05, \*\*P\<0.01. (E) Western blot analysis revealed the levels of apoptosis-related proteins after knockdown of SHCBP1 in MGC-803 and SGC-7901 cells. SHCBP1, SHC SH2 domain-binding protein 1; GC, gastric cancer; sh-SHCBP1, SHCBP1-shRNA; sh-NC, negative control-shRNA.](OR-41-03-1649-g03){#f4-or-41-03-1649}

![SHCBP1 enhances the invasion and metastasis of GC cells. (A and C) Wound healing assay revealed the mobility of MGC-803 and SGC-7901 cells after sh-SHCBP1 knockdown, with sh-NC used as a control. (B and D) Percentage statistics of wound healing in A and C. \*\*\*P\<0.001. (E) Transwell assays examined the effect of SHCBP1 knockdown on cell migration (top panel) and invasion (bottom panel). (F) Statistical graph of the number of migrated and invaded cells. \*\*P\<0.01, \*\*\*P\<0.001. SHCBP1, SHC SH2 domain-binding protein 1; GC, gastric cancer; sh-SHCBP1, SHCBP1-shRNA; sh-NC, negative control-shRNA.](OR-41-03-1649-g04){#f5-or-41-03-1649}
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